Cellular stress activates multiple mitogen-activated protein kinase (MAPK) cascades and immediate-early gene (IEG) transcription. To address how these events are linked, we investigated the endogenous signaling/transcription factor network driving IEG activation by arsenite and anisomycin in the human osteosarcoma cell line HOS/TE-85. Induction of IEG transcription by both stresses corresponded temporally with the phosphorylation of the regulatory factors Elk-1 and cAMP response element-binding protein (CREB), along with activation of the extracellular signal-regulated kinase (ERK), stressactivated protein kinase (SAPK) and p38 MAPK cascades. To assess the role of the different cascades, they were selectively inhibited with PD98059, SP600125 and SB203580, respectively. This implicated all three cascades in Elk-1 phosphorylation after arsenite treatment, whereas ERK and SAPK inhibition diminished this, and IEG mRNA levels, downstream of anisomycin. SB blocked phosphorylation of both serum response factor (SRF) and CREB, and strongly reduced IEG activation by both stresses. Combining PD with SB further reduced arsenite induction of IEG transcription. Thus, all three MAPK cascades mediate anisomycin-and arseniteinduced signaling to IEG promoters in HOS cells through the differential targeting of Elk-1, SRF and CREB.
Introduction
The robust, transient activation of immediate-early gene (IEG) transcription is one of the initial cellular responses to a broad range of stimuli varying from proliferative factors to many different types of stress. These stimuli induce a complex intracellular signaling network within which the mitogen-activated protein kinase (MAPK) cascades figure prominently. Several distinct families of MAPK signaling pathways have been described in metazoans: the extracellular signal-regulated kinase (ERK) cascade, the stress-activated protein kinase/c-Jun N-terminal kinase (hereafter referred to as SAPK) cascade and the p38 cascade (Widmann et al., 1999) . In cultured cells, proliferation and differentiation signals preferentially activate ERKs, while inflammatory cytokines and stresses strongly elevate endogenous SAPK and p38 activities (Pearson et al., 2001) . Thus it appears that both SAPK and p38 have roles in the physiological response to multiple types of stress.
Each cascade is composed of a multitiered module in which a MAPK kinase kinase, or MAPKKK, activates a MAPKK, which in turn activates MAPK. In addition, ERK and p38 activate a number of effector kinases, including RSK (ribosomal S6 kinase), MSK (mitogenand stress-activated protein kinase) and MAPKAPKs (mitogen-activated protein kinase-activated protein kinase). Multiple enzymatic activities are present at each tier within the ERK, SAPK and p38 cascades (Widmann et al., 1999) , which suggests that they are either highly redundant or are organized intracellularly into distinct signaling modules. The latter occurs in yeast, where genetic analyses show that MAPK cascades are sequestered into signaling cassettes that effect distinct responses to a variety of environmental stimuli (Widmann et al., 1999) . In mammalian cells, biochemical, transfection and two hybrid studies link certain MAPKKs and MAPKs in all three cascades and have identified potential scaffolding proteins in these pathways (Schaeffer et al., 1998; Whitmarsh et al., 1998; Xia et al., 1998; McDonald et al., 2000; Buchsbaum et al., 2002) . While transient transfection studies have considerably facilitated the characterization of MAPK pathways, a problem inherent in this approach is the overexpression of MAPK cascade components, which clearly upsets the intracellular balance within these pathways. To avoid this problem, we have analysed stress activation of MAPK cascades, transcription factor phosphorylation and IEG induction in nontransfected cells. This approach reveals functional differences in the response to two stresses that are mediated by distinct subsets, possibly modules, within the endogenous p38 and ERK cascades in mammalian cells.
Upon their activation, MAPKs translocate to the nucleus where one of their major targets is the ternary complex factor (TCF) family of transcriptional regulators (Treisman, 1994) . Accordingly, phosphorylation of TCF, namely the Ets proteins Elk-1, SAP-1 and NET/ SAP-2/ERP, potentiates their capacity to transactivate transcription (Janknecht et al., 1993; Marais et al., 1993; Cavigelli et al., 1995; Gille et al., 1995; Whitmarsh et al., 1995; Price et al., 1996; Janknecht and Hunter, 1997; Ducret et al., 2000) . In vivo TCFs function through a ternary complex, formed together with a dimer of serum response factor on the serum response element (SRE) (Herrera et al., 1989; Shaw et al., 1989) , a common regulatory element found in a number of IEG promoters, notably that of the proto-oncogene c-fos (Treisman, 1992) . The convergence of different MAPK cascades on this constitutively bound complex helps explain why the c-fos promoter is responsive to many different types of signals. Nevertheless, activation of cfos in vivo clearly requires additional promoter elements, as was elegantly shown in a transgenic mouse model system (Robertson et al., 1995) .
For example, MAPK cascades signal to other transcription factors implicated in c-fos regulation (see promoter diagram in Figure 1a ). Transactivation by STATs 1 and 3 (signal transducer and activator of transcsription) is significantly augmented by their phosphorylation on a C-terminal MAPK recognition motif (Wen et al., 1995) . Both ERK and p38 activate kinases capable of phosphorylating serum response factor (SRF) (Rivera et al., 1993; Heidenreich et al., 1999) and the CaCRE (Ca 2+ and cAMP responsive element) binding protein CREB (Tan et al., 1996; Xing et al., 1996; Deak et al., 1998; Xing et al., 1998; Rolli et al., 1999) . This leads to the phosphorylation of CREB on Ser133, a modification required for it to activate transcription (Gonzalez and Montminy, 1989) . In addition, the Ras-related GTPases rac, rhoA and cdc42, which are upstream of the SAPK cascade, regulate transcriptional activation by SRF (Hill et al., 1995) . Thus the potential exists for MAP kinase cascades to regulate c-fos and other IEG promoters by the simultaneous targeting of multiple promoter elements. However, it remains unclear which endogenous pathways and transcription factors mediate IEG induction when several cascades are activated, such as following treatment of cells with the tumor promoter sodium arsenite or the antibiotic anisomycin.
Arsenic is a significant environmental toxin, particularly through contamination of drinking water, that is linked to multiple types of cancer in humans (Chiou et al., 1995 (Chiou et al., , 2001 Smith et al., 1998) . The major activity in arsenic is its trivalent form, arsenite (As 3+ ) (Tinwell et al., 1991) , a tumor promoter that also mimics some aspects of heat shock in culture cells (Snow, 1992) . Consistent with these diverse effects, As 3+ treatment elevates c-fos mRNA levels (Gubits and Fairhurst, 1988; Cavigelli et al., 1996) and is reported to activate the SAPK cascade selectively (Cavigelli et al., 1996) , the p38 cascade (Rouse et al., 1994) , or multiple MAPK cascades, either simultaneously or with differing kinetics (Liu et al., 1996; Elbirt et al., 1998; Lim et al., 1998; Ludwig et al., 1998) . On the other hand, the p38 pathway alone apparently mediates the induction of IEGs by the antibiotic anisomycin (Hazzalin et al., 1997; Lim et al., 1998; Rolli et al., 1999) .
Using activation of the IEGs c-fos, egr-1 and mkp-1 as the functional readout, we assessed the endogenous pathways and transcription factors involved in As 3+ and anisomycin signaling to the nucleus. We find that both agents induce, with similar kinetics, (i) all three MAPK cascades, (ii) the phosphorylation of TCF and CREB, and (iii) the activation of IEG transcription. However, pharmacological inhibition of different MAPK Northern analysis of c-fos mRNA induction by As 3+ and EGF. Serum-starved HOS cells were induced with 500 mm As 3+ or 50 ng/ ml EGF and total cellular RNA isolated at the times indicated. RNAs was separated by formaldehyde-agarose gel electrophoresis, transferred to nylon and hybridized with antisense c-fos and gapdh RNA probes. (c) Run-on analysis of IEG transcriptional induction by As 3+ in serum-starved HOS cells. Nascent transcripts in nuclei isolated at different time points after induction were labeled radioactively by elongation in the presence of [a- pathways reveals that they are differentially involved in IEG induction by As 3+ and anisomycin. This involves a signaling network downstream of each stress in which (1) p38 is linked to CREB and SRF modification, and (2) TCF phosphorylation is linked to all three cascades. Thus, the strong endogenous transcriptional response mediated by stress requires the targeting of multiple regulatory factors by different MAPK cascades in vivo.
Results

Arsenite strongly induces IEG transcription in HOS cells
The osteoblast-like human osteosarcoma cell line HOS can be transformed to a tumorigenic phenotype by carcinogenic metal compounds (Rani et al., 1993; Lin and Costa, 1994) . Since c-Fos is linked to osteosarcoma development from osteoblasts (Ruther et al., 1989; Grigoriadis et al., 1993) , we first investigated if the tumor promoter sodium arsenite, hereafter referred to as As
3+
, activated c-fos expression in HOS cells. As 3+ treatment led to a robust induction of c-fos mRNA, albeit more slowly than epidermal growth factor (EGF) (Figure 1b) . A similar response was observed with the IEGs egr-1 and mkp-1 (data not shown; see Figure 7 ). Run-on analyses (Figure 1c ) indicated that As 3+ activated de novo transcription of these genes. A significant signal, relative to the gapdh control, was detectable 20 min after treatment ( Figure 1c ) and increased 40 min post-As
. IEG mRNA's levels do not plateau but rather continue to increase, suggesting that later time points also involve mRNA stabilization, as is observed with other stresses that also inhibit protein synthesis. Taken together, these data show that the initial effect of As 3+ is IEG transcriptional induction that can be followed by mRNA levels at early time points.
As
3+ stimulates phosphorylation of the IEG regulatory factors Elk-1, CREB and SRF Using the c-fos promoter as a model (Figure 1a) , we next determined which endogenous regulatory factors are targeted upon As 3+ -induced transcriptional activation. We first investigated whether As 3+ led to CREB activation via its phosphorylation on Ser133, measured by protein immunoblotting with an antiserum specific for this modified form of CREB. Ser133-phosphorylated CREB was first detectable 20 min post-As 3+ treatment and the signal became stronger upon further incubation (Figure 2a ). We note that As 3+ also induced phosphorylation of ATF-1, which is also recognized by this antiserum. A control antiserum confirmed that equal levels of CREB were present at all time points.
We next tested for TCF activation, since it is a major mediator of signal-driven IEG activation via its ternary complex with SRF on the SRE. TCF activity is potentiated through its phosphorylation, a modification that leads to slowed mobility of TCF-containing complexes in band shift assays (Zinck et al., 1993) . We prepared whole-cell extracts at various times after As 3+ treatment and tested endogenous TCF binding activity with a 32 P-labeled SRE fragment and recombinant coreSRF , which spans the MADS box, the region mediating dimerization, DNA binding and interaction with TCF. The complex characteristic of hyperphosphorylated TCF (labeled I, Figure 2b ) was first detectable 10-20 min post-treatment and increased upon longer treatment (Figure 2b ). EGF induced a similar Figure 2 As 3+ rapidly induces phosphorylation of endogenous CREB and TCF, which is primarily Elk-1. (a) Serum-starved HOS cells were induced with 500 mm As 3+ for different times (in min), whole-cell extracts were prepared and subjected to protein immunoblotting using antisera specific for CREB and Ser 133 -phosphorylated CREB, as indicated to the left of each panel. The latter also detects ATF-1 phosphorylated on Ser63. The positions of phosphorylated CREB (P-CREB) and ATF-1 (P-ATF-1) are indicated to the right. (b) Serum-starved HOS cells were pretreated for 1 h with dimethyl sulfoxide (DMSO) (none), the MEK inhibitor PD98059 (PD, 10 mm), or the p38 inhibitor SB203580 (SB, 10 mm). After induction with 500 mm As 3+ or 50 ng/ml EGF for different times (in min), whole-cell extracts were prepared and 10 mg of protein was used for ternary complex formation together with the SRF deletion mutant coreSRF 90-245 on a 32 P-labeled SRE probe. The panel shows the relevant region from the autoradiogram of the dried polyacrylamide gel. The position of the TCF-coreSRF 90-245 -SRE ternary complexes is indicated on the left. U denotes the uninduced TCF complexes, and I the induced complexes formed after stimulation with As
3+
. The mobility change between U and I reflects hyperphosphorylation of TCF (Zinck et al., 1993) . (c) The following antisera were added to binding reactions using As 3+ -induced extracts: PIS, preimmune serum for the antiserum specific for the Elk-1 Ets domain (a-Elk(Ets)), a-Elk (C term), a commercially available antibody (SC-355) that gives rise to a weak supershift as indicated, a-SAP1, antiserum that interacts specifically with SAP1 (Hipskind et al., 1994b) and also generates a weak supershift Stresses activate IEGs by MAPK/Elk and p38/CREB modules M Bébien et al complex, which is principally composed of Elk-1, as shown by antibody blocking/supershift experiments. The complex was barely affected by a SAP-1-specific antiserum, while it was eliminated by an antiserum specific for the N-terminal, DNA binding domain of Elk-1 (Figure 2c ). Moreover, even though a commercially available Elk-1 C-terminal domain-directed antiserum has only a minor effect (Figure 2c ), a monoclonal antibody specific for the same region of Elk-1 phosphorylated on Ser383 quantitatively supershifts the induced complex ( Figure 9a ). Thus, As 3+ also induced the phosphorylation of endogenous Elk-1 with kinetics similar to those observed for CREB and IEG activation.
While As 3+ also induced increased levels of SRF phosphorylation on Ser103, as measured in antibody supershift experiments (Figure 9c ), it did not indiscriminately induce all transcription factors involved in IEG activation. No activation of either STATs 1 or 3 was detected in band shift and Western analyses, whereas these factors were induced in HOS cells by cytokines (M Be´bien, D Evans, G Bilbe and RA Hipskind, unpublished data).
As 3+ treatment induces MAP kinase cascades with similar kinetics
The ERK, SAPK and p38 signaling cascades are linked to c-fos induction through the phosphorylation of the regulatory factors cited above. Therefore, we initially used immunoblotting assays to measure which MAPK cascades were induced by As 3+ in HOS cells ( Figure 3 ). Western blots containing whole-cell extracts prepared at various times after As 3+ treatment were immunodetected with antisera specific for the activated versions of the different MAP kinases, namely those molecules dually phosphorylated on Thr and Tyr ( Figure 3 ). Low levels of phosphorylated p38 were detectable 5-10 min after induction, with a subsequent strong increase occurring 20-30 min post-As 3+ treatment ( Figure 3a ). Similar kinetics of phosphorylation was observed for the p46 and p54 SAPK isoforms, although p46 was more rapidly activated than p54 despite the apparent abundance of the p54 isoform ( Figure 3b ). An increase in phosphorylation of ERK, primarily ERK2, above the background level was also detectable 20-30 min after induction ( Figure 3c ). As 3+ does not activate ERK5 in these cells (data not shown). Control antibodies directed against each kinase family showed that equal levels of the kinases were present at all time points and that their phosphorylation did not result in their slowed mobility under our gel conditions ( Figure 3 ). These data were confirmed using in-gel, pull-down and immunecomplex kinase assays (M Be´bien, C Becamel, and RA Hipskind, unpublished data). Thus As 3+ treatment progressively activated all three MAP kinase cascades in HOS cells with similar kinetics. This is not unique to HOS cells, as we have made similar observations in the human tumor-derived cell lines A431 (epidermoid carcinoma), SaOS-2 (osteosarcoma) and SK-N-Be (neuroblastoma).
We also tested anisomycin, a commonly used activator of IEG transcription through the SAPK and p38 cascades. In HOS cells, the p38, SAPK, and ERK1/ 2 cascades, as well as CREB and Elk-1, were also activated with similar kinetics by 50 ng/ml anisomycin ( Figure 4 ), a concentration termed subinhibitory since it does not significantly block protein synthesis (Edwards and Mahadevan, 1992) . Accordingly, subinhibitory anisomycin also led to a strong but transient induction of c-fos (Figure 4 ), egr-1 and mkp-1 mRNAs (data not shown).
As
3+ and anisomycin activate stress MAPKs by distinct mechanisms One effect of As 3+ treatment is the depletion of intracellular pools of glutathione (Snow, 1992) . To test whether this accounted for MAPK induction by As 3+ , we treated HOS cells with N-acetyl-cysteine (NAC), a precursor that leads to increased glutathione levels (Wilhelm et al., 1997) . NAC completely blocked SAPK and p38 induction by As 3+ , but not anisomycin without affecting the level of either kinase ( Figure 5 ). Notably, NAC pretreatment led to activation of ERK on its own. This indicates that As 3+ and anisomycin activate the stress MAPK cascades by distinct mechanisms. We also tested the kinetics of MAPK induction by lower concentrations of As
3+
. A concentration of 100 mm As 3+ induced the three MAP kinases to similar levels as 500 mm, but much more slowly (data not shown). This is consistent with As 3+ induction occurring via the 
IEG induction by As
3+ and anisomycin involves differential contributions by the the ERK, SAPK and p38 cascades As 3+ and anisomycin activated all three MAPK cascades, albeit by distinct mechanisms, with kinetics corresponding to the transcriptional induction de novo of the c-fos and egr-1 genes. To assess the contribution of the different pathways endogenously, we pretreated HOS cells with the following inhibitors: PD98059, a pharmacological inhibitor that inhibits the MAPKK MEK (Dudley et al., 1995) and thus blocks the cascade upstream of ERKs, SP600125, a selective inhibitor of SAPK activity (Bennett et al., 2001) , and SB203580, which inhibits p38 kinase activity but not its phosphorylation (Cuenda et al., 1995) . We confirmed the efficacy and specificity of inhibition by immunoblotting for phosphorylated ERK or c-Jun, and by immune-complex kinase assays that utilized the substrates GST-Jun 1-79 for SAPK and GST-MAPKAPK2 for p38.
The MEK inhibitor PD98059 (PD) blocked ERK induction by anisomycin and As 3+ ( Figure 6a , top and bottom panels), but had no effect on SAPK or p38 activation (Figure 6b and c). SB203580 (SB) inhibited p38 induction by both As 3+ and anisomycin (Figure 6c ). At this concentration SB did not affect SAPK induction (Figure 6b ), while it sometimes caused ERK activation to occur more rapidly (Figure 6a , lower panel). SB pretreatment alone did not induce ERK (Figure 6a , upper panel). Preincubation with the combination of SB and PD blocked both p38 and ERK induction by anisomycin and As 3+ without affecting SAPK activity ( Figure 6 and data not shown). SP600125 (SP) does not remain bound to SAPK and thus its inhibitory effect cannot be followed using immune-complex kinase assays (Bennett et al., 2001) . Therefore, we used the phosphorylation of endogenous c-Jun on Ser63 as a measure of SAPK inhibition by SP. Both stresses led to elevated levels of phospho-c-Jun, and this was strongly reduced by pretreatment with SP ( Figure 6d) .
Inhibition of the ERK, SAPK and p38 cascades downstream of As 3+ and anisomycin differentially affected the induction of the mRNAs for c-fos and egr-1, as well as that encoding the MAPK-inactivating phosphatase mkp-1 (Figure 7) . None of the inhibitors influenced transcription of the housekeeping gene gapdh. Blocking ERK activation by pretreatment with PD, or SAPK activity with SP, slightly decreased mRNA levels of all three IEGs induced by As 3+ (Figure 7a and b). PD had a more pronounced effect on anisomycin induction of c-fos and egr-1 mRNAs (Figure 7a ), and SP led to a threefold reduction in egr-1 activation by anisomycin while barely affecting its induction of either c-fos or mkp-1 (Figure 7b) .
The p38-specific inhibitor SB had a more pronounced effect on IEG mRNA induction. Downstream of As 3+ , SB strongly diminished induction of c-fos and egr-1 mRNAs but only minimally affected that of mkp-1 (Figure 7a ), an inhibitory effect that was enhanced upon cotreatment with SB and PD. In the case of anisomycin, SB efficiently blocked the activation of all three IEGs, Figure 4 Subinhibitory levels of anisomycin activates all three MAPK cascades and c-fos mRNA with similar kinetics. Serumstarved HOS cells were treated with 50 ng/ml anisomycin for the indicated times, whole-cell extracts prepared and analysed by protein immunoblotting using control and phosphospecific antisera for (a) p38, (b) SAPK and (c) ERK. The antiserum used for each panel is indicated. (d) c-fos and gapdh mRNA levels after anisomycin treatment of starved cells were analysed by Northern blotting and riboprobe hybridization as described in Figure 1b Figure 5 Concentration-dependent activation by As 3+ is sensitive to NAC pretreatment. HOS cells were preincubated with 15 mm NAC for 2 or 16 h, then induced with 50 ng/ml anisomycin or 500 mm As 3+ for 30 min. Whole-cell extracts were analysed for MAPK activation and total MAPK levels by immunoblotting with the antibodies indicated Stresses activate IEGs by MAPK/Elk and p38/CREB modules M Bébien et al lowering mRNAs to near background levels ( Figure 7a ). This result is consistent with observations made in other cell types (Hazzalin et al., 1996 (Hazzalin et al., , 1997 Lim et al., 1998; Rolli et al., 1999) . Nevertheless, the significant effect of PD on c-fos indicates that the endogenous ERK cascade also contributes to its activation by anisomycin. Similarly, the inhibition seen with either PD or SP suggests that all three cascades mediate anisomycin signaling to the egr-1 gene, albeit to different extents.
Inhibition of the three MAPK pathways differentially affects CREB, SRF, and Elk-1 phosphorylation We used the assays described above to evaluate the effects of the different inhibitors on anisomycin-and As
3+
-driven phosphorylation of CREB, as well as the ternary complex factor components SRF and Elk-1. Neither ERK inhibition by PD nor SAPK inhbition by SP affected phosphorylation of endogenous CREB or ATF-1 by either inducer (Figure 8a, b and d) . In contrast, SB selectively blocked As 3+ -mediated CREB phosphorylation relative to ATF-1 (Figure 8a ). This links As 3+ -induced CREB phosphorylation on Ser133 to the p38 pathway and indicates its important role in cfos, egr-1 and mkp-1 activation by As
. Interestingly, As 3+ -induced ATF-1 phosphorylation was sensitive to the combination of SB and PD (Figure 8c ), suggesting it may be targeted by a kinase that can be activated by either p38 or ERK. Phosphorylation of both CREB and ATF-1 was blocked by SB after anisomycin treatment (Figure 8b ), thus implicating a kinase downstream of p38 in modification of both factors. Cells were stimulated with 50 ng/ml anisomycin (upper panels) or 500 mm As 3+ (lower panels). Whole-cell extracts were analysed by protein immunoblotting with phosphoERK and panErk antisera. Note in the lower panels the low level of phosphoERK in starved cells that is suppressed by PD and more rapidly induced after SB pretreatment. (b) SAPK was immunoprecipitated from whole-cell extracts prepared from cells pretreated as described above and induced for 30 min by either stress. In the lanes SB+PD both inhibitors were added. Kinase activity toward GST-Jun 1-79 was visualized by SDS-PAGE and autoradiography. The coomassiestained gel is shown in the lower panel. (c) p38MAPK was immunoprecipitated from the same extracts used in Part (b). Kinase activity toward GST-MAPKAPK2 (GST-MK2) was visualized by SDS-PAGE and autoradiography. The coomassiestained gel is shown in the lower panel, (d) Serum-starved cells were treated for 1 h with SP600125 (SP, 20 mm), then induced for 30 min with anisomycin (ani) or arsenite (ars) as described above. Wholecell extracts were analysed by protein immunoblotting with anibodies specific for phospho-Ser63-c-Jun and c-Jun Figure 7 Differential effects of MAPK cascade inhibitors on IEG mRNA induction by As 3+ and anisomycin. (a) HOS cells were pretreated for 1 h with DMSO alone (none), PD98059 (PD, 10 mm), SB203580 (SB, 10 mm) or both inhibitors together (PD+SB). Cells were then stimulated with 50 ng/ml anisomycin for 60 min or 500 mm As 3+ for 90 min. Total cellular RNA was analysed by Northern blotting as described in the legend to Figure 1 . After probe removal, the same blot was rehybridized with an antisense egr-1 RNA probe (middle panel) and finally one corresponding to mkp-1 (bottom panel). (b) Cells were pretreated for 1 h with DMSO (À) or 20 mm SP600125 (+), then induced with anisomycin and arsenite for 60 min as described above. RNAs were analysed by Northern blotting and the signals quantitated using a phosphorimager. All signals were standardized to that of gapdh, and the induction calculated relative to the DMSO-treated control
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Elk-1 phosphorylation was analysed using band shift assays, in combination with a monoclonal antibody specific for phospho-Ser383-Elk-1. This antibody, which recognizes this key phosphorylation/activation site in Elk-1, quantitatively supershifts the induced ternary complexes formed by endogenous Elk-1 (Figure 9a , compare the upper and lower panels). Inhibition of ERK activation, as well as blocking SAPK activity with SP, slightly decreased Elk-1 phosphorylation induced by As 3+ (Figure 9a and b), whereas this was unaffected by SB pretreatment (Figure 9a ). The induced Elk-1 complex and the corresponding phospho-Ser383-Elk-1 supershift were diminished considerably by cotreatment with SB and PD (Figure 9a ). This indicates that all three MAPKs target endogenous Elk-1 upon As 3+ induction.
Figure 8
As 3+ and anisomycin rapidly induce phosphorylation of endogenous CREB via p38. (a) Serum-starved HOS cells were pretreated for 1 h with DMSO (none), PD98059 (PD, 10 mm) or SB203580 (SB, 10 mm). After induction with 500 mm As 3+ for different times, whole-cell extracts were prepared and subjected to protein immunoblotting using antisera specific for CREB and Ser133-phosphorylated CREB, as indicated to the left of each panel. The positions of phosphorylated CREB (P-CREB) and ATF-1 (P-ATF-1) are indicated to the right. (b) Anisomycin induces CREB and ATF-1 modification via the p38 cascade. Serum-starved HOS cells were pretreated for 1 h with DMSO, 10 mm PD or 10 mm SB and then induced with 50 ng/ml anisomycin for the time (in min) indicated above the lanes. Extracts were analysed by protein immunoblotting as in (a). (c) SB and PD together fully inhibit stress-induced CREB and ATF-1 phosphorylation. HOS cells were pretreated for 1h with DMSO (À) or both PD and SB (+) and induced with either As 3+ or anisomycin, as indicated above the lanes. Extracts were analysed by protein immunoblotting as in (a). (d) Serum-starved cells were treated for 1h with SP600125 (SP, 20 mm), then induced for 30 min with anisomycin (ani) or arsenite (ars) as described above. Extracts were analysed by protein immunoblotting as in (a) Figure 9 Differential effects of MAPK cascade inhibitors on Elk-1 and SRF phosphorylation induced by As 3+ and anisomycin. (a) Serum-starved HOS cells were pretreated for 1 h with DMSO (none), PD98059 (PD, 10 mm), SB203580 (SB, 10 mm). After induction with 50 ng/ml anisomycin or 500 mm As 3+ for 30 min, whole cell extracts were prepared and assayed for ternary complex formation as described in the legend of Figure 2 . The relevant portion of the autoradiogram from the dried gel is shown in the upper panel. The lower panel shows the result of adding a monoclonal antibody specific for phospho-Ser383-Elk-1 (SC-8406) to an identical series of reactions. The corresponding supershifted complexes are indicated to the right, as are the uninduced (U) and induced (I) ternary complexes. (b) Serum-starved cells were pretreated for 1 h with SP600125 (SP, 20 mm), then induced for 30 min with anisomycin (ani) or arsenite (ars). Whole-cell extracts were assayed for ternary complex formation and Elk-1 phosphorylation as described in (a). (c) The extracts analysed in (a) were used for binding assays with a 32 P-labeled probe containing a mutated SRE incapable of binding Elk-1 (SRE-EL) in order to visualize binding of endogenous SRF alone. The relevant portion of the autoradiogram from the dried gel is shown, where the SRF SRE binary complexes are indicated at the right (SRF 2 : SRE-EL). Phospho-Ser103-SRF was detected by adding a specific antibody (lanes 3,5,7,9,11,13,15), which generates the indicated complexes. A SRF-specific antibody was added to the extract from untreated cells (lane 2) to demonstrate the reactivity of the uninduced SRF : SRE-EL binary complexes, which gives rise to the indicated supershift. PIS indicates preimmune rabbit serum Stresses activate IEGs by MAPK/Elk and p38/CREB modules M Bébien et al Accordingly, treatment with all three inhibitors completely blocked Elk phosphorylation (data not shown). Anisomycin activation of the complexes reflecting endogenous Elk-1 phosphorylation was not inhibited by SB, partially sensitive to SP and completely blocked by PD, either alone or together with SB (Figure 9a and  b) . This indicates that anisomycin signaling to endogenous TCF is mediated principally by ERK, with SAPK also playing a role. Band shift assays were also used to evaluate SRF phosphorylation on Ser103, a major phosphorylation site in vivo. These utilized a SRE probe mutated in the TCF site to avoid complications because of ternary complex formation, along with an antiserum specific for phospho-Ser 103 -SRF (Rivera et al., 1993) . Extracts prepared from starved cells form a SRF : SRE binary complex that is supershifted by an anti-SRF antiserum, but is unaffected by the phosphoSRF antiserum ( Figure 9c, lanes 2 and 3) . In contrast, the phosphoSRF antiserum gives rise to two supershifted complexes in extracts from anisomycin-and As
3+
-treated cells that are distinct from that generated by the SRF-specific antiserum (Figure 9c , compare lanes 5 and 11 with lane 2). Thus both stresses induce SRF phosphorylation. In both cases this is principally catalyzed by the p38 cascade, since it is strongly reduced by SB but essentially untouched by PD (Figure 9c ).
Taken together with the Northern analysis in Figure 7 , these results indicate that Elk-1 phosphorylation contributes moderately to IEG mRNA induction by As 3+ or anisomycin in the absence of modification of CREB and SRF, and that blocking TCF, SRF and CREB modification reduces induction to nearly background levels. This implies that multiple IEG promoter elements must be targeted for a full response to As 3+ and anisomycin in nontransfected cells.
Discussion
We describe the endogenous signaling network that links the stresses arsenite and anisomycin to induction of the immediate-early genetic response, using the c-fos proto-oncogene as our model system. Our aim was to characterize this aspect of As 3+ activity. Arsenite is a potent environmental carcinogen as a contaminant in water supplies (Tinwell et al., 1991; Chiou et al., 1995 Chiou et al., , 2001 Smith et al., 1998) . Our results suggest that its tumor-promoting activity could result from the progressive activation of intracellular signaling cascades, transcription factor modification and gene transcription, like the tumor promoters okadaic acid and microcystin (Hipskind et al., 1994a; Schonthal, 1998) . In particular, these agents act by inhibiting cellular phosphatases without strongly stressing cells (Schonthal, 1998) . Likewise, As 3+ induces SAPK via inhibition of phosphatase activity rather than through activation of the MEKK1-MKK4 signaling pathway (Cavigelli et al., 1996; Meriin et al., 1999) . Interestingly, Meriin et al. (1999) -mediated inactivation of appropriate phosphatase activities or the accumulation of a toxic intermediate, reversible by NAC pretreatment. Nevertheless, our data suggest that the tumor-promoting activity of As 3+ can be partially explained by the induction of a specific genetic program through the concomitant activation of multiple intracellular signaling pathways.
In agreement with our observations in HOS cells, As 3+ and anisomycin activate the SAPK and p38 pathways with similar kinetics in a variety of cell types; in contrast, ERK activation is variable and appears to be cell-type dependent (Rouse et al., 1994; Cavigelli et al., 1996; Hazzalin et al., 1996; Liu et al., 1996; Elbirt et al., 1998; Lim et al., 1998; Ludwig et al., 1998) . Correspondingly, transcriptional activation has been attributed to one or several MAPK cascades. Using transient transfection of constitutively active or inactivated kinase mutants along with reporter genes, As 3+ was shown to induce c-fos through the SAPK cascade in HeLa cells (Cavigelli et al., 1996) and the heme oxygenase gene via the ERK and p38 cascades in chicken hepatoma cells (Elbirt et al., 1998) . In human Jurkat cells, mouse embryo fibroblasts (Rolli et al., 1999) , and mouse C3H 10 1 2 cells (Hazzalin et al., 1996 (Hazzalin et al., , 1997 , endogenous IEG induction by anisomycin is completely blocked by SB203580 and thus is attributed to p38; notably, these studies, unlike our own, did not address the effect of ERK inhibition. Nor was it addressed by Lim et al. (1998) in NIH3T3 cells, where SB only partially blocked egr-1 induction by anisomycin. Interestingly, As 3+ -driven induction of mkp-1 in C3H 10 1 2 cells is strongly sensitive to SB and weakly affected by ERK inhibition, implicating both the p38 and ERK cascades (Li et al., 2001) . Thus, stress-induced signaling in C3H 10 1 2 cells resembles that of HOS cells in certain respects.
IEG activation is potentially highly complex when multiple MAPK cascades have been induced. ERK, SAPK and p38 phosphorylate TCF in vitro and mediate TCF activation in transfection assays (Janknecht et al., 1993; Marais et al., 1993; Cavigelli et al., 1995; Gille et al., 1995; Whitmarsh et al., 1995; Price et al., 1996; Janknecht and Hunter, 1997; Lim et al., 1998) . In addition, the MAPK-activated protein kinases RSK, MSK1, MSK2, and MAPKAPK2/3 target and activate CREB (Tan et al., 1996; Xing et al., 1996; Deak et al., 1998; Pierrat et al., 1998; Rolli et al., 1999) . Moreover, RSK and MAPKAPK2 are linked to SRF phosphorylation (Rivera et al., 1993; Heidenreich et al., 1999) , although the role of this modification in SRF transcriptional activity is still unclear (Misra et al., 1994) .
To distinguish between these different pathways in nontransfected cells, we relied on their selective pharmacological inhibition. This revealed a complex signaling network downstream of As 3+ (Figure 10 ). CREB and SRF are targeted exclusively by the p38 cascade. The SRF kinase is likely to be MAPKAPK2, since fibroblasts lacking this kinase fail to phosphorylate SRF on Ser103 after As 3+ treatment (Heidenreich et al., 1999) . The p38-activated kinase targeting CREB is currently under study. p38, SAPK and ERK all appear to phosphorylate endogenous Elk-1. Consistent with this, Treisman and co-workers (Price et al., 1996) found, using transient transfection assays, that both the p38 and ERK pathways contributed to transcriptional stimulation by TCF chimeric constructs in response to UV irradiation. Since inhibiting either the ERK or SAPK cascade, and thereby Elk-1 phosphorylation, decreased IEG induction, Elk-1 is clearly a component in the rapid transcriptional response to stress. Nevertheless, our data show that Elk-1 phosphorylation alone is not sufficient in the context of the endogenous c-fos promoter, as it correlates with weak levels of activation in the absence of either SRF or CREB phosphorylation. While the role of SRF cannot be evaluated, this indicates that CREB plays the same pivotal role in cfos activation by As 3+ as it does downstream of NGF (Ahn et al., 1998) , Ca 2+ (Ahn et al., 1998) , EGF (De Cesare et al., 1998) and BDNF (Bonni et al., 1995) .
Anisomycin signaling to Elk-1, SRF and CREB is required for activation of endogenous IEGs. IEG induction is sensitive to SB inhibition of p38, which blocks CREB and SRF phosphorylation (Figure 10 ). In agreement with this, p38 drives MSK1 activation, CREB phosphorylation and egr-1 induction by anisomycin in MAPKAPK2 À/À but not in MSK À/À mouse embryonic fibroblasts (Rolli et al., 1999; Wiggin et al., 2002) . However, PD98059 also strongly diminished c-fos induction by anisomycin through inhibition of the ERK/Elk-1 signaling module, notably without affecting CREB or SRF phosphorylation. Inhibiting SAPK with SP had a minor effect on c-fos and mkp-1 activation but lowered that of egr-1 threefold. Since egr-1 transcriptional activation is dependent upon both TCF and multiple SREs (Qureshi et al., 1991; McMahon and Monroe, 1995) , this could reflect targeting of distinct TCF : SRF : SRE complexes by different MAPK cascades.
Our data indicate that, in untransfected HOS cells, CREB, SRF, and Elk-1 phosphorylation is necessary for induction of c-fos and other IEGs by different stresses; no factor alone is sufficient. This strongly suggests that stress signals must target multiple protein/promoter element complexes to induce transcription of c-fos and other IEGs. This would explain why multiple elements are necessary for transgene activity in a mouse model system (Robertson et al., 1995) and in certain transfection assays (Bonni et al., 1995) . Given that CREB is necessary but not sufficient, our data are also consistent with the inhibitory effect of dominant-negative versions of CREB on c-fos induction in cultured cells (Iordanov et al., 1997; Ahn et al., 1998) . Moreover, signaling to the various transcription factors involves two components of MAPK signaling pathways: MAPK, which targets Elk-1; and MAPKAPK, which targets CREB and SRF. The same mechanism is used in growth factor signaling, where two components of the ERK cascade, namely ERK itself and either RSK or MSK, transduce signals to these transcription factors (De Cesare et al., 1998; Deak et al., 1998) (K Ruppelt, L Lapasset, M Be´bien and RA Hipskind, manuscript in preparation) . Furthermore, chromatin modification also appears to be involved. MSK and possibly RSK effect mitogen-and stress-induced phosphorylation of histone H3 in chromatin associated with IEGs (Thomson et al., 1999 (Thomson et al., , 2001 Cheung et al., 2000) . It seems reasonable to assume a similar role for chromatin targeting in our system as well.
Taken together, our results indicate that the signaling networks are not identical downstream of anisomycin and As 3+ in HOS cells. In agreement with this, preliminary experiments implicate different effector kinases in CREB phosphorylation downstream of these two stresses, which might suggest that they activate separate modules within the ERK and p38 pathways. The mechanism behind the differential activation of MAPK cascades and their targeting to transcription factors remains to be characterized; one means may be to sequester MAP kinases within multiprotein complexes (Schaeffer et al., 1998; Whitmarsh et al., 1998; Xia et al., 1998; McDonald et al., 2000; Buchsbaum et al., 2002) . The challenge will be to investigate this at the molecular level while maintaining the normal physiological balance of the complex intracellular signaling network, and thereby to determine the role 
Materials and methods
Materials
Phospho-specific and control antisera for MAPKs, CREB, and Elk-1 were purchased from New England Biolabs, Cell Signaling Technology, Promega, and Upstate Biotechnology, Inc., while panERK antibodies came from Transduction Labs. SAPK and p38 antisera for immune-complex kinase assays, as well as the phosphoSer383-Elk monoclonal antibody and antic-Jun, were purchased from Santa Cruz Biotechnology, Inc. The anti-SRF antibody has been previously described (Hipskind et al., 1991) . Dulbecco's modified Eagle's medium (DMEM), Dulbecco's phosphate-buffered saline (PBS), and fetal bovine serum (FBS) were obtained from Life Technologies. Zeta-bind nylon membranes were purchased from Cuno, Immobilon-P polyvinylidene fluoride (PVDF) membranes from Millipore and nitrocellulose (Protran, BA-83) from Schleicher and Schuell. 32 P nucleotides, PolyScreen polyvinylidene fluoride membrane and Renaissance Plus ECL reagents were purchased from NEN, glutathione-sepharose, protein Aand G-sepharose and poly(dl-dC) Á (dl-dC) from Pharmacia, okadaic acid, SP600125 and SB203580 from Calbiochem, PD98059 and SB203580 from Alexis, and peroxidase-coupled goat anti-mouse antibodies and ECL-plus nitrocellulose from Amersham. Sodium arsenite, anisomycin, aprotinin, antipain, leupeptin, pepstatin, N-acetyl-l-cysteine, Bradford's reagent, total calf liver RNA, Torula RNA, Tri-reagent and peroxidase-coupled anti-rabbit, anti-sheep and anti-goat antibodies were obtained from Sigma-Aldrich. EGF and GST-MAP-KAPK2 were purchased from Upstate Biotechnology, Inc. All other ultrapure reagents were obtained from AppliChem. PD98059 was graciously provided by J Caboche, the SAP-1 a specific antibody by R Treisman and the phospho-Ser Cell culture, inhibitor pretreatment, stimulation and extract preparation Human osteosarcoma cells (HOS, ATCC CRL-1543) were maintained in DMEM containing 10% FBS. At near confluence, the medium was replaced with the same containing 0.5% FBS for at least 16 h. Where appropriate, PD98059, SP600125 and SB203580 in DMSO were added directly to the medium from concentrated stock solutions 1 h prior to stimulation. N-acetyl l-cysteine was dissolved directly at 15 mm final concentration in DMEM, the mix retitrated to pH 7.8 and filter sterilized. Cells were placed in this mix, containing 0.5% FBS, 2 or 16 h prior to stimulation. Cells were stimulated as indicated in the figure legends by the addition of inducers from concentrated stock solutions directly to the medium. The culture dishes were placed on ice, washed twice with ice-cold PBS (140 mm NaCl, 2.7 mm KCl, 8.1 mm Na 2 HPO 4 , 1.5 mm KH 2 PO 4 (pH 7.3)) containing 10 mm NaF and 100 mm Na 3 VO 4 , and scraped off in lysis buffer (10 mm Tris-HCl, 50 mm NaCl, 50 mm NaF, 1% Triton X-100 (w/v), 30 mm Na 4 P 2 O 7 , 5mm ZnCl 2 , 20mm b-glycerophosphate, 10 mm 4-nitrophenyl phosphate, titrated to pH 7.05 (Hipskind et al., 1994b) ). The following components were added fresh from stock solutions immediately prior to cell lysis: 1 mm dithiothreitol (DTT), 100 mm Na 3 VO 4 , 50 nm okadaic acid, 0.5 mm benzamidine, 0.5 mm phenylmethylsulfonyl fluoride (PMSF), 2.5 mg/ml each aprotinin, leupeptin, pepstatin and antipain. Lysis was completed by vortexing and the lysates cleared by centrifugation at 12 000 Â g for 30 min at 41C. Protein concentrations were determined with Bradford's reagent using bovine serum albumin (BSA) as the standard. Aliquots were mixed with 4 Â Laemmli sample buffer (250 mm Tris-HCl, pH 6.8, 10% sodium dodecyl sulfate (SDS) (w/v), 10% glycerol, 5% 2-mercaptoethanol, 0.001% bromphenol blue (w/v)) and denatured immediately for protein immunoblot analyses. The remainder was stored at À701C.
RNA isolation and Northern blot hybridization
HOS cells were grown to near confluence, serum-starved overnight and stimulated as indicated in the figure legend. Total cell RNA was prepared with Tri-Reagent according to the manufacturer's instructions. An amount of 10 mg RNA was electrophoresed in 0.8% agarose-3.7% formaldehyde gels and transferred to Zetabind nylon membranes. The filters were prehybridized and hybridized at 651C in 50% formamide, 5 Â SSC (1 Â SSC is 150 mm NaCl, 15 mm sodium citrate, pH 7.0), 5 Â Denhardt's solution, 1% SDS, 50 mm NaPO 4 (pH 6.8), 5 mg/ml total calf liver RNA, 5 mg/ml Torula RNA. Routinely 3 Â 10 5 gapdh or 3 Â 10 6 cpm/ml of c-fos, egr-1 or mkp-1 cRNA probes were hybridized for at least 16 h, followed by washing at 651C in 0.2 Â SSC-1% SDS. Signals were detected by autoradiography and phosphorimagery. For rehybridization filters were stripped for 30 min at RT in three changes of 30 mm NaOH-1%SDS, followed by washing in 25 mm NaPO 4 (pH 6.8) and 0.2 Â SSC-1% SDS. The probes correspond to human c-fos exon 4, the entire rat gapdh cDNA, mouse egr-1 cDNA (bp 302-1958) , and mouse mkp-1 cDNA (bp 138-989).
Run-on analyses
HOS cells were serum-starved and stimulated as described in the legend to Figure 1 . Nuclei were isolated and run-on transcription performed as previously described (Zinck et al., 1993; Hipskind et al., 1994a) . Plasmid DNAs were linearized with appropriate restriction enzymes, denatured, neutralized and then applied in equimolar aliquots to nitrocellulose by slot-blotting. The following cDNAs were used: a fragment of the human c-fos gene spanning the first 973 bp of the transcription unit, mouse egr-1 and rat gapdh. Signals were revealed by autoradiography and phosphorimagery, and quantitated from the latter using ImageQuant (Molecular Dynamics).
Protein immunoblotting
Whole-cell extract (15 mg) was subjected to SDS-PAGE on 8.5% minigels. Proteins were transferred onto nitrocellulose or PVDF membranes, either Immobilon-P or PolyScreen, by semidry transfer and the membranes blocked for 1 h at RT in either 5% BSA-TBST (100 mm NaCl, 10 mm Tris-HCl (pH 7.5), 0.05% Tween 20 (w/v)) for phospho-specific antisera or 5% lowfat milk-TBST for all other antisera. The membranes were incubated overnight at 41C with the antisera indicated in the figures, diluted 1 : 1000 (or 1 : 5000 for panERK) into blocking buffer. After extensive washing in TBST, membranes were incubated for at least 1 h at RT with peroxidase-coupled secondary antiserum diluted in 5% lowfat milk-TBST (1 : 5000 for anti-rabbit, 1 : 1000 for anti-mouse). After further washing, the immunocomplexes were revealed by enhanced chemiluminescence. We have obtained identical results with phospho-MAPK-specific antisera from several different suppliers using both PVDF and nitrocellulose, as well as with secondary antibodies from different suppliers.
Gel retardation assays
The reactions were performed and analysed as described elsewhere (Hipskind et al., 1994a) . In brief, reactions (7.5 ml) contained a restriction fragment spanning the c-fos SRE endlabeled with 32 P by a Klenow fill-in reaction, a salt/protein/ buffer mix, 2.5 mg poly (dl-dC)(dl-dC), recombinant core-SRF 90-245 and 10 mg of whole-cell extract. Antibodies were added prior to the whole-cell extract. After incubation for 30 min at RT, complexes were resolved on a 5% polyacrylamide gel containing 0.5 Â TBE at 1 mA/cm for 4 h. Complexes were visualized by autoradiography and phosphorimaging of the dried gel.
Bacterial expression of recombinant proteins E. coli strain BL21 was transformed with the expression vectors GST-6His or GST-Jun 1-79 . After induction with 100 mm IPTG for 4 h at 371C, bacteria were lysed using B-PER reagent (Pierce) according to the supplier's recommendations. The lysate was cleared by centrifugation at 27 000 g and the overexpressed proteins purified on glutathione-Sepharose beads. Proteins were eluted in 10 mm reduced glutathione, 10 mm Tris-HCl, 10% glycerol (pH 7.5) and stored at À201C, or stored at 41C bound to the beads in Buffer D (10 mm HEPES (pH 7.9), 50 mm NaCl, 5 mm MgCl 2 , 17% glycerol (w/v), 0.1 mm EDTA, 0.05% nonidet P-40 (w/v), 1 mm DTT, 0.5 mm benzamidine, 0.5 mm PMSF, 2.5 mg/ml aprotinin, leupeptin, pepstatin).
Immune-complex kinase assays SAPK/p38 activity was assayed as described (Raingeaud et al., 1995) with some modifications. An amount of 2 mg antibody (anti-SAPK, SC-571; anti-p38, SC-535) was bound to 50% protein A-sepharose in SC-RIPA buffer (1% Triton X-100 (w/v), 1% nonidet P40 (w/v), 0.5% Na deoxycholate, 0.1% SDS, 20 mm Tris-HCl (pH 7.5), 150 mm NaCl) for 1 h at 41C with gentle agitation. The protein A-antibody complexes were collected by a rapid centrifugation at 41C and subjected to two washes at 41C with SC-RIPA and with DLB (1% Triton X-100 (w/v), 20 mm Tris-HCl (pH 7.5), 150 mm NaCl, 10% glycerol, 2 mm EDTA, 25 mm b-glycerophosphate, 2 mm Na 4 P 2 O 7 , 1 mm Na 3 VO 4 , 2mm DTT, 0.5 mm PMSF, 2.5 mg/ml aprotinin, leupeptin, pepstatin). Protein A-antibody complexes were incubated with 50-75 mg whole-cell extract in DLB additionally containing 100 nm okadaic acid for 1 h at 41C with gentle agitation. The immune complexes were collected by rapid centrifugation at 41C, washed twice with DLB and twice with DKB (25 mm HEPES (pH 7.4), 25 mm MgC1 2 , 25mm bglycerophosphate, 100 mm Na 3 VO 4 , 2 mm DTT, 0.5 mm PMSF, 2.5 mg/ml aprotinin, leupeptin, pepstatin). The immune complexes were incubated for 30 min at RT with gentle agitation in DKB containing 20 mm ATP and 5 mCi [g-32 P]ATP (3000 Ci/ mmol) and the following substrates: 5 ml glutathione agarose beads (50% slurry) bearing GST-6His and either GST-Jun 1-79 (SAPK) or GST-MAPKAPK2 (p38). After two washes with HBB (20 mm HEPES, pH 7.6, 50 mm NaCl, 2.5 mm MgCl 2 , 0.05% Triton X-100 (w/v), 20 mm b-glycerophosphate, 10 mm 4-nitrophenyl phosphate), the pelleted agarose beads were mixed with 4 Â Laemmli sample buffer, denatured and the substrate proteins analysed by SDS-PAGE. The minigels were stained with coomassie, dried and the level of phosphorylation revealed by autoradiography followed by phosphoimager quantitiation.
